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CMS All Hadronic Analyses

CMS has four complementary analyses searching for
Supersymmetry in all-hadronic signatures:

0 Search with Jets + MHT (SUS-12-011)

O Search with My, (SUS-12-002)

[0 Search with Razor variables (SUS-12-005)

[0 Searches with a; (SUS-11-003)

Looking at different kinematic features of signal events.

All these searches are performed in a generic-way, thus
sensitive to any new physics with multijets + MET

[ All the public results can be found on:
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSUS
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CMS in 2011
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And, in 2012 we already have ~1fb"" of 8 TeV
data with peak lumi 3.5x1033 cm2s" . s

Keep us happlly busy! number of vertices
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Where We Were Last Fall!
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How much more did we learn since then?
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Searches with Jets + MHT
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Jets + MHT: Introduction

[0 A generic search for large missing transverse momentum in events
containing multijets is “motivated” by R-parity conserving SUSY
jew_p

Lﬁr = ‘Epr’f}

B strong production of 94, g4, qq pairs
1 Jet  Characterize visible Characterize energy

q Jet Jets
energy of the event carried by undetected particle

—

Proi
- x ': MET

proton .
i, Mer  SM Backgrounds

O Z(vv)+jets
O W/tt+jets with W(e/p/t v)
O QCD multijet

Simplest Example

O The key is that we understand SM backgrounds including the MH;
arising from detector effects and reconstruction failure
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Analysis Strategy

O Sample selection

B At least 3 jets with p>50 GeV & |n|<2.5

B Veto events with isolated e & p: reduce W/top background

O p>10 GeV, |n|<2.5, isolation<0.2

B AO(MH,, Jets;,;) > (0.5, 0.5, 0.3): reduce QCD background

B H; - scalar sum of all jets with p; >50 & |n|<2.5

B MH; - magnitude of vector sum of all jets with p;>30 GeV & |n|<5
0 Analysis strategy

B Aninclusive analysis based on H; and MH;

MHT—
. : 200-350 | 350-500 | 500-600 600
O Search regions in H; & MH- HT | ”
B Baseline 500-800 bin 1 bin 2 bin 3 bin 4
800-1000 bin 5 bin 6 bin 7 bin 8
> >
(Hr>300 & MHT 2.00 GeV) 1000-1200 |  bin9 bin 10 bin 11
B 14 exclusive bins in HT & MHT 1200-1400 bin 12 bin 13
>1400 bin 14
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Data and MC Comparisons

E CCMS Preliminary —e— Data 3 ~CMS Preliminary e Data
o [ L = 4.98 fb-1, \““g - 7 TeV ------ LM5(m0:23D,mW2:360) o - L = 4_98 fb.1, \j.g = 7 TeV ...... LM5(m0—230,m1/2—360)
©10° e W(— lv)+Jets 0403 “tw B Z(—vv)+lets
S F B Z(—vv)+Jets = W(— [v)+ets
5 g ]
s Bl F+Jets 2 téfrJeltsT
o | Il QCD-Pythia w I V\:’r\;\?/\TVZo/FZ,Z

10? Il SingleTop 102 =

WW/WZ/ZZ

10 10-

L N B

- -1
101500 1000 1500 2000 2500 10 200 300 400 500 600 700 800 900 1000

H, [GeV] W, [GeV]

O The H; & MH; distributions are well described by CMS simulation

B Evaluating systematics for both the generator-level information
and detector simulation accurately for not trivial.

0 We estimate the backgrounds from collision data.
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Z(vv)+Jets from y+Jets

O A straightforward method is to use Z (ll) +Jets events

B suffers from lack of statistics in tighter search regions and is used
only to cross-check the background prediction using y + Jets

e/
Z e+/u+

O At high p, the Z+jets/y +jets ratio __ hep/ph 1106.1423
depends mainly on the EWK - HT>500,MET>I150 | ]
characteristics of the event

[0 Hadronic part of the event is independent
of whether the boson is Z or y

O Theoretical uncertainty (from BlackHat) :

B EWK corr. at higher orders o L e

B large QCD logarithm terms e ,;‘f" [Ge{’i'“ S o
Sizable theory uncertainty: 21-42%. The reduction is critical for future searches.

F (Z+2jets+X)/(y+2jets +X) ?&?Ps

do (Z42 jets)/ do (-2 jets)

BlackHat+Sherpa
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Z(vv)+Jets from y+Jets

CMS Preliminary, L = 4.98 fb™, \s =7 TeV

-
U
T

[0 Start with a y+jets control sample :
pr(Y)>100 GeV.

—— Data
I MC:y+Jets
MC:QCD

Events / 100 GeV

-
b
]

Z+—Jets.Pun.ty N”* (data )

N Z(vv)+ jets (Cb.ta ) — B
7+ Jets &3

O Subtract contributions from secondary
photons : purity=98-99% as measured EL
from data using isolation 300 1000 150 0 H e

O Correct for photon reco & isolation
efficiencies measured from data using
tag-and-probe method on Z(ee)+jets

O Scale with Z(vv)+jets/y+jets production
ratio

10°E CMS Preliminary, L = 4.98 fb™, \'s =7 TeV

——Data
Il MC:y+Jets
MC:QCD

Events / 50 GeV

10

O Predictions of Z(vv)+jets using p+p- -
+jets are compatible with those from 15

Y+jets within uncertainties :'206 7300 400 500 600 700 800 900 1000
H; [GeV]
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W/Top(e/p/t+v)+Jets

—

WH]ets
a lost e () T-jet
V, V

Lost lepton background:
[0 Leptons failing the lepton veto criteria contribute to BG:
B the lepton is not reconstructed, not isolated , out of acceptance
Hadronic tau background:
[0 Tau decaying hadronically contribute to BG with one tau-jet :
B the lepton is not reconstructed, not isolated out of acceptance
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Top / W + hadronic tau + v + Jets

O Start with a p+jets sample
[0 Replace the p by 1 response template derived from MC
O Recalculate H; and MH; including this expected energy from t
O Correct for muon acceptance, trigger, reco, & iso efficiency BR(W —t1
—hadrons)/BR(W —q)
CMS Preliminary, L=4.98fb", Vs =7 TeV CMS Preliminary, L=4.98 " {s =7 TeV
> AL B LA BLELELELE DL LR BLELELELE BLELELELE DL > LJNLI LI B B N B L B L B B L
8 107 = mmmmmm Data Prediction E 8 102L mmm— Data Prediction J
% E % Hadronic Tau MC Expectation E E Hadronic Tau MC Expectation
053 10 = § 10;— —;. .
T 0 % 7 Data-driven
L _; L ] estimate
Method tested i ! ] : i 1 consistent
with MC 10 E 10'1|;— —=| with MC
- ] F 1 expectation
u‘IPf_— | | N = _ 107 b e b b |
& 12k l | ] g BE 1 I ]
SeeE. - . S 8eE. T L -
£ #, [GeV] & W, [GeV]
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QCD : ReBalance + Smear

O QCD multijet events are balanced at the parton level

O Animbalance is introduced by the mis-measurement of jets due to
detector response fluctuations or heavy-flavor jets

O Rebalance : Particle level jet p; is restored from detector level inclusive
multijet data using a kinematic fit subject to constraint MH;=0 (using jet
resolution functions derived from MC but corrected to match data)

[0 Smear : “Rebalanced” events are smeared using the measured jet
resolution functions including the tails
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Events / 250 GeV

(Pred-MC)/MC

CMS

QCD : ReBalance + Smear

3 jets 3 jets, HT>500 GeV
o CMS Simulation, L =1 fb '\s =7 TeV CMS Simulation, L=1fb '\/s =7 TeV
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[0 Method validated using the MC Simulation
[0 Total systematic uncertainty 60-70%

B Closure test, jet resolution measurements, pileup effects, heavy-
flavor modeling

3 jets, HT>800 GeV, Aq)(HT, jet1-3)
CMS Simulation, L=1fb '1,\'§ =7 TeV
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Results & Interpretations
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Searches with MT2




CMS

Searches with My,

O

The M, is a generalization of the transverse
mass for decay chains with two unobserved

particles. tvnical in R-paritv conserving SUSY

Myo = min [max (mg],mg?))]

p§ +pF=p;

For the simblified case of no ISR and zero masses:

(Mr2)? = 20721 + cosiy)

Multijet events divided into 2 massless pseudo-jets using a hemisphere
algorithm

M;, ~MET for symmetric SUSY-like topologies
M4, is a QCD killer
B MT2 =~ 0 for back-to-back events with no genuine MET

B MT2 < MET still highly suppressed for nearly back-to-back QCD
mismeasurements

M;, provides very good discriminating power between SM and SUSY-like
events, and in this analysis is used as a discovery variable
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Analysis Strategy

O Multi-bin analysis based on Hy & My, 3 E "’_W

O Background estimated in each bin e VF, =
using data-driven methods ‘§ ”’455 . — o

[0 There are two analyses targeting L

complementary SUSY topologies

B MT2 analysis and MT2b analysis:
See Keith’s talk for MT2b

MT2 analysis

[0 At least 3 jets

O 2 H; bins [750-950-:GeV], 5 My, bins
[150-200-275-375-500-:GeV]

O W+jets and Z—vv main backgrounds
(and QCD)

O Optimized for signals with large
MET (low my) [MT2b for high m]

Data/MC

My, (GeV)

Background estimation:

/—vv: from Z—ll and W—lv
W+jets: similar to prev. search
QCD: Factorization method

May 2-4, 2012 All Hadronic Searches with CMS
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CMS

Z—>vv from W-lv

O Predict Z(vv)+jets from photon+jets and
W(lv)+jets events

Z(vv)+jets from W(lv)+jets

O W(—lv)+jets enriched sample obtained by
using all selection cuts and:
B One p with p>10 GeV
M B-tag veto to suppress ttbar
B m(W)<100 GeV to reduce signal contamination

O Z(—vv)+jets estimated as

NZ(—>vv) = NW(—>lv) 1/(‘c-"acc‘greco/iso) RMC
B  Muon acceptance from MC

B Muon reco/iso efficiencies obtained from
Tag&Probe in data

B R, corrects for: kinematic differences,
cross-sections, M&b-tag veto efficiencies

B Backgrounds subtraction by MC, except
ttbar, which is estimated using ttbar
enriched data by requesting 1 b-tag

events

ratio

M., Analysis CMS Preliminary,/s = 7 TeV, L = 4.73 fb!
® data Jacb
B other B W(tv)+jets

Bl Top Bl W(uv)+ets

Consistent with the
estimation from photon+jets

Weighted average to give the
final Z—vv estimation
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CMS

QCD

QCD factorization method:

O Predict signal region (high M, @i, >
0.3) from QCD-rich region (high My, @,

CMS Preliminary, Vs =7 TeV, L= 4.73 fb’
< 0.2) —_ ' '

[0 Exponential functional form motivated
from simulation

r(Mr2) N (A < 0.2) e +c

@
i
—_——

O Fit region 50 < My, < 80 GeV to have

minimal contamination from non-QCD i ¥

data 107 |
O EWK chkground is subtracted from data, T T VT R T T R
and a fit is performed to extract a and b M., [GeV]

O Constant term c taken conservatively as
the value of the fitted exponential at My,
= 250 GeV
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MT2 Search Results

My, - Low HT CMS Preliminary, {s=7TeV,L=4.73 b’ My, - High HT CMS Preliminary, Vs=7TeV,L=4.73fb"
2] - [22)
c B Z invisible c - B z invisible
g 100 [ Lost Lepton g 80 [ Lost Lepton
L [ Hadronic © L __‘_ [ Hadronic ©
[Jacb 9 [CJaco

—4— Data

Observations
consistent with
SM expectations

200 400 600 200 400 600
M, [GeV] M, [GeV]
Z — v Lost lepton T — had QCD Total bkg. Data
Mo bin MC datapred. | MC data pred. | Estimate | MC datapred. | MC data pred.
750 < Hp < 950
[150,200) 279 242+49 | 360 296471 | 225x54 | 3.1 7.0£35 89.5 83.3X10.7 88
[200,275) 203 21.8+48 | 172 119439 | 12742 | 0.0 1.0+=0.5 502 474+75 69
[275,375) 116 13.7+3.8 7.1 42419 54425 0.0 014%+0.07 | 241 234449 19
[375,500) 6.1 41+t16 2.2 1.1+0.9 22+1.8 0.0 0.08+0.05 | 104 74+26 8
>500 3.5 1.8 +0.9 1.1 1.2+1.0 0.6 £0.5 0.0 0.00x=0.00 | 53 36+14 6
Ht > 950
[150,200) 129 167+36 | 187 162453 | 12.7+4.1 | 9.8 11.0+£55 | 542 56.6+=94 70
[200,275) 10.5 45+20 11.7 102437 71x26 | 047 1.4+07 298 232+5.0 23
[275,375) 6.4 57£22 5.0 29+17 334+19 | 004 013007 | 147 121+33 9
[375,500) 2.5 3.0£14 1.1 0.6 0.6 0.9+09 0.0 006004 | 46 46+1.8 8
>500 2.2 25+15 0.6 0.6+ 0.6 0.6+ 0.6 0.0 0.06+0.04 | 34 3.8+17 4
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Interpretations

G0::MS Preliminary, Vs=7TeV,L=4.73 fb

- 1000 —r T ICIMIS |P|re||In:“‘;la;ry.1 \[|_ |= |7 :re.V: L. = 4:7|3 .fb|-1 % 12 pp — gg, g — 2q Ay x ; m(q]>>m@) “",x g&o
% tan(B)=10 N = 3 O, M,, Analysis ) S
O, 900K 4= 0cev “, s, o = 2 1000 __ oaco g
5 800 - irszce \ = S sook ™ 1/3xgNL0-aco ©
= o
= %iG) o _— MTZ obs. limits = c_lo ..... FghLo-aco g
700 2 M., exp. limits (+1c exp.) = 600 E
—— M_,b obs. limit F) = ] 100 =
M,b obs. limits mE) = 1500 =
600F--. M_,b exp. limits (+1c exp.) — ’ &
— E ‘400 j
500 - i o
. . 1022
(@) = 1000 200
400 m(@) = 1000 : 3

S
Er
.......

40 600 800 1000 1200

gluino mass [GeV]
CMS Preliminary, s =7 TeV, L = 4.73 fb'1

m(g) = 500

1200

- S e ; >
100 500 1000 1500 2000 2500 3000 8 pp—*gg’g—’fq"z"x-m@ m@
m [GeV] -—-1000 mm 0.5m(}’) + 0.5 m(g) -
0 % M,; Analysis 1
: . E —_— hiLo-aco
Strigent exclusion at _ I
low my & high m W < N ponows
0 1/2. = __

95% CL upper limit on g [pb] (CLS)

400 600 800 1000 1200

gluino mass [GeV]
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Searches with Razor




CMS
3 Razor

Razor search designed to discriminate heavy pair production
kinematically from SM backgrounds

0 No assumptions on MET or details of decay chain
CM frame

Mg definition: signal Laboratory Frame

* Two massive

1
particles produced !Zl
at rest (e.g. ¢,¢,) )
M I J1
Py, == J #

¢
¢
R 2 N /’ Boost
_ 1 MC71,2 o MZ1,2 K,, %g j2
2 M.

q1,2 i

R frame equalizes 3-momentum of the two jets = CM frame if no ISR and
sparticles are produced at threshold.

_ _ J& Mg peaks for the signal at the mass
MR =2p = \/g scale of the heavy particle, M,
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CMS

Razor

Razor search designed to discriminate heavy pair production

O

kinematically from SM backgrounds
No assumptions on Met or details of decay chain

CM frame Mg definition: multijet background Laboratory Frame

 Two jets back to
back

J1
» j,

i Boost
J2

R frame equalizes 3-momentum of the two jets = CM frame if no ISR and
sparticles are produced at threshold

M, = 2p = \/§ Mg falls steeply
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CMS

Razor )

For the signal, M; is a measure of the mass of the heavy particle
and peaks at the scale of the production

» Maximum of scalar sum of the p; of the two jets is M,
» The maximum value of ME; is also M,

Real life: multi-jet events — define two hemispheres and
combine jets into two mega-jets (force di-jet topology)

MR — \/l EP™ |(pl' + pf)—EF™.(P{' + PF)  Transverse My has a kinematic
' 2 edge of M,

(E7p}* —E*p]y’
(p)' —pi*)* —(E" - E7?)

M, =21p}1=21pj | \/ Mg peaks at mass scale M,

MR
R= M—T Razor (R) has a kinematic edge of 1, peaks at 0.5
R

Razor used to separate signal from background
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R and M Properties

> E _ s R
4 & CMS Preliminary Vs =7 TeV & vota= CMS Prelimi 7oV
o o S e reliminary Ys =7 Te
b Dijet QCD control data 5°F Dijet QCD control data
= E -0otsf- ¥
T 42 2 E ..,
L%, 10 E e:: -0 02; ‘-.}\ _ S MR
C 2 -0.022 1~ ‘.__n Z \/i R (X 6
i -0.024 [— +-
1 ooos {p 2
10 E .
E—R%>0.01 T oo S — _I_ b R t
[— R%=0.02 I o3 | b + + a Cu
C Res 003 R - slopeb,=031+001 l
F—m?a004 | T e < aoaz
1= R? > 0.05 LA T -0.034 | | | ] | | 1
F— nz | 0.01 0.02 0.03 0.04 005 0.06 0.07
R z0p6, 0 Ll NENRRRA R Cut)2
200 250 300 350 400
Mg [GeV]
TIPE =
S . £ 50, 2 SR2
5 g_MS F’ge[l)lmlnaryl :’IE =7TeV EoF . CMS Preliminary (s =7 TeV f R x e~
;‘é ijet QCD control data ok Dijet QCD control data
g g -60:— +“'.
el ? sk S =a + b( N CU_t)
: E P R
i -?52— f
1 =
10 L— M > 200 Gev 80/ +
F— Mg > 225 GeV -esf-  sloped =0.3010.02
E—— My > 250 GeV S
L M, > 275 GeV NN 0 | | | | | L
[ M.>300Gey i TN 200 220 240 260 280 300 320
0.02 0.04 006 0.08 0.1 0.12 Mg Cut [GeV]

),

f(R?, Mg)  [k(Mg — M%)(R? — R3)] e F(Mr—Mg)(R*~Fg)

b(from Mp view) = d(from R? view) = k(from 2D view)
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CMS

“Box” Definitions and Fits

| (Tight MU T > 12 && WPB0 ELE pT > 20)? |

(ELE-MU Box}e——=—  |no . -
| (Tight/Loose MU pT > 15/10)7 | % on - 319‘1'13-1
(MU-MU Box)«—5 y Ino »EE 9 Sensitive
[ (wpso wess iLE oT >20/10)? | £ 2E AN g Region
ELE-ELE Box |e—" NO 5.8 g ||=
¥ Eo 5 =
| (Tight MU pT > 12)7 | c "; o [
(MU Box )< e ¥ [ o ==0
{WPSO0 ELE pT > 20)? T ?\ 1
(" ELE Box Je YES Y |no R
y ~(Tjesm Ny) N
[ HAD Box e iesM Y P
Ly = N 11| > NiPi(Mgy, RY)
Find state BOX =1 AJEsM

classification based on lepton ID  Extended and unbinned maximum
likelihood fit performed in 2D R2-Mg
plane independently in each BOX

Background functionally extrapolated to signal region
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Results

1D projections of 2D ML Fit - HAD Box

s [ CMS Preliminary \'s = 7 TeV e o

3 £ HAD bo J“Ldtr: A s L CMS Preliminary \'s = 7: TeV

o 10°E s HAD box | Ldt =4.4 fb

§ 5 ;gﬁﬁotal % Ob t.

2 ; a ! RO grecive g, o ;[s)naﬁ_otm _ servations
i 3 1 ; &:ljgt: ! plus ELE-like effectivel - :(‘;“H.J{E‘ifﬁgﬂgﬁnem _ consistent W'Ith
- _ | — tt+jets 17 plus ELE-like effective .

1ok % i SM expectations
- el =t
1 3 E :
E...|.‘.|. ot :....
400 600 800 400 1600 . . . . . 0.5
Mg [GeV] R?
Model independent results showing s e oty (asan
data/prediction compatibility 3 1000 g
HAD box SR povalues = CMS Prafiminary W5 =7 Tev | Lt =4.4 10" (O] o I ﬁ‘f"% ME = 20
u 05 1 = 3 .
- oy Razor Inclusive
=3 Hybrid CLs 95% C L. Limits
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= Median Expectad Limit
Expected Limit =1 o
o - . m— Ohserved Limit
SN\ .~ HAD Observed Limir
W
e

o o y,  — Leptons Observed Limit
(a4 ME) - Jocp
10°
o 7
100 kOl
ol - 500 1000 1500 2000 2500 3000
M, [Gev] m, [GEV]
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CMS

Summary

0 CMS has performed 3 variants of all hadronic SUSY searches with
the full 2011 data

B Data consistent with the SM backgrounds. Comparable results from
different searches.

O Our constraints on the gluinos and 15t generation squarks are getting
quite strong:

B Gluino mass exclusion reaching ~1 TeV depending on the assumptions
on other SUSY parameters.

B The naive picture with copiously-producued strongly-interacting
gluinos and 15t generation quarks is getting disfavored, but we still
need to keep looking.

O CMS searches have various ways to improve the search sensitivities
for 2012 data analysis:
B Specifically look at high jet multiplicities - sensitivities to long-cascade

models. Reduce systematics for Z(—vv)+jets BG estimation from y+jets
(close collaboration with theory groups), etc etc.
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